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Urodele amphibians have remarkable organ regeneration ability. They can regenerate not only limbs but
also a tail throughout their life. It has been demonstrated that the regeneration of some organs are
governed by the presence of neural tissues. For instance, limb regeneration cannot be induced without
nerves. Thus, identifying the nerve factors has been the primary focus in amphibian organ regeneration
research. Recently, substitute molecules for nerves in limb regeneration, Bmp and Fgfs, were identiﬁed.
Cooperative inputs of Bmp and Fgfs can induce limb regeneration in the absence of nerves. In the present
study, we investigated whether similar or same regeneration mechanisms control another neural tissue
governed organ regeneration, i.e., tail regeneration, in Ambystoma mexicanum. Neural tissues in a tail,
which is the spinal cord, could transform wound healing responses into organ regeneration responses,
similar to nerves in limb regeneration. Furthermore, the identiﬁed regeneration inducer
Fgf2þFgf8þBmp7 showed similar inductive effects. However, further analysis revealed that the blas-
tema cells induced by Fgf2þFgf8þBmp7 could participate in the regeneration of several tissues, but
could not organize a patterned tail. Regeneration inductive ability of Fgf2þFgf8þBmp7 was conﬁrmed in
another urodele, Pleurodeles waltl. These results suggest that the organ regeneration ability in urodele
amphibians is controlled by a common mechanism.
& 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Urodele amphibians have a remarkable ability to regenerate
complex organs/tissues, such as limbs. In contrast, most amniotes
do not have the organ regeneration ability in most parts. When the
regenerative animals start regeneration, a typical structure called a
regeneration blastema forms at the damaged place. Non-re-
generative animals or organs fail to form the blastema. Hence,
revealing mechanisms that induce blastemas in regenerative ani-
mals is important and understanding the detailed mechanisms of
organ regeneration would help to develop a new clinical treatment
in amniotes.
Our understanding of organ regeneration has advanced by
studying limb regeneration. A regeneration blastema is induced
after limb amputation in urodele amphibians (Goss, 1969). A re-
generation blastema consists of undifferentiated stem-like cells
termed blastema cells. Some blastema cells are unipotent or
multipotent (Hirata et al., 2010; Kragl et al., 2009; Muneoka et al.,
1986). Muscle-derived blastema cells usually participate in the
muscle tissue regeneration in limbs. On the other hand, dermis-Inc. This is an open access article u
oh).derived blastema cells can participate in the regeneration of sev-
eral tissue types, such a cartilage and ligament (Hirata et al., 2010;
Kragl et al., 2009; Muneoka et al., 1986). The induction of multi-
potent cells from matured tissues is involved in limb blastema
formation. Understanding the mechanisms that underlie blastema
induction is important not only because it is the key phenomenon
in organ regeneration but also because it involves endogenous
reprogramming of differentiated cells into multipotent blastema
cells.
Understanding the mechanisms that underlie blastema induc-
tion in limb regeneration has been a challenge for a long time.
Approximately 200 years ago, it was demonstrated that blastema
induction is prevented after a limb is denervated, suggesting the
essential nerve roles in blastema induction (Todd, 1823). This
nerve-dependent blastema induction in limb regeneration was
conﬁrmed in some amphibians (Endo et al., 2000; Kumar and
Brockes, 2012). Given the importance of the presence of nerves for
regeneration, the nerve factors that could be responsible for
blastema induction have been sought. To identify the neural inputs
involved in limb regeneration, an alternative experimental system
termed the accessory limb model (ALM) was established (Endo
et al., 2004; Makanae and Satoh, 2012; Mitogawa et al., 2014;
Satoh et al., 2007). According to ALM, three steps are necessary to
obtain a limb: 1) skin wounding, 2) nerve deviation, and 3) skinnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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obtain a blastema, only steps 1 and 2 are required. It is assumed
that the skin grafting is necessary to enable sustained growth of an
induced ALM blastema, but it is not necessary for blastema in-
duction (Endo et al., 2004). Because ALM does not require limb
amputation, it is possible to simplify the study of limb regenera-
tion. Brieﬂy, blastema induction can be studied by focusing on only
two targets, skin and nerves. Skin wounding in an axolotl limb
results in skin wound healing (Denis et al., 2013; Seifert and Ma-
den, 2014); however, it never results in limb/blastema formation
(Endo et al., 2004) nerves are deviated toward the wounded skin,
skin wound healing responses are transformed into blastema in-
duction responses. Molecules that can transform wound healing
responses into blastema induction responses had been in-
vestigated. Recently, it was revealed that cooperative inputs of Fgf-
and Bmp-signaling could substitute for the nerve functions in ALM
blastema induction (Makanae et al., 2013, 2014; Satoh et al., 2011,
2015). The inductive inputs (Bmp7þFgf2þFgf8; B7FF) were con-
ﬁrmed in two urodeles, Ambystoma mexicanum and Pleurodeles
waltl. Moreover, B7FF induced a blastema in a limb of the anuran
amphibian Xenopus laevis (Mitogawa et al., 2014; Satoh et al.,
2015). Hence, the inductive inputs can be expected in a wide range
of amphibian species. There is a little room for argument whether
B7FF are true nerve factors because it is difﬁcult to delete Fgf and/
or Bmp expression in amphibian nerves. However, B7FF are strong
candidates as nerve factors, which are responsible for limb blas-
tema induction.
Do common fundamental mechanisms regulate the induction
of organ regeneration in other organs? As mentioned above, ax-
olotls can regenerate various body parts, and it is known that re-
generation in some of those body parts is nerve-dependent (Ku-
mar and Brockes, 2012). This implies a common nerve-dependent
regulatory mechanism for organ regeneration. The regeneration of
a tail can be the ﬁrst step used to test this idea. Tail regeneration in
urodele amphibians has been investigated for a long time. Similar
to limb regeneration, the tail of urodeles consists of multiple cell
types and forms a complex three-dimensional structure, and tail
regeneration is regulated by the neural tissue, which is the spinal
cord (SC) (Holtzer et al., 1955; Taniguchi et al., 2008). In the pre-
sence of SC, an amputated tail induces a regeneration blastema.
Thus, aspects of tail regeneration appear to be quite similar to
those of limb regeneration. In the present study, we found that the
axolotl SC has the ability to transform wound healing responses to
organ regeneration responses as well as nerves in limb regenera-
tion. As observed in limb regeneration, Fgf and Bmp genes are
expressed in the axolotl SC and the application of recombinant Fgf
and Bmp proteins could substitute for the regenerative roles of SC,
resulting in the induction of a tail-like structure. To conﬁrm these
ﬁndings, the same procedures were investigated in another spe-
cies, P. waltl, and the same results were observed. These results
strongly suggest that similar regulatory mechanisms govern tail
and limb regeneration in urodele amphibians and imply the ex-
istence of fundamental regeneration mechanisms controlling or-
gan regeneration throughout the body of a regeneration-capable
animal.2. Materials and methods
2.1. Animals and tail blastema grafting
Axolotls (Ambystoma mexicanum) with a nose-to-tail length of
8–12 cm were obtained from private breeders and housed in aer-
ated water at 22 °C. Newts (P. waltl) with a nose-to-tail length of
5–7 cm were obtained from Takeuchi laboratory, Tottori Uni-
versity, Japan. Newts and axolotls were housed under the sameconditions. Green ﬂuorescent protein (GFP) transgenic axolotls
were obtained from the Ambystoma Genetic Stock Center (AGSC).
For blastema grafting, smaller animals were selected. Lateral tail
blastemas were induced using a bead in the GFP transgenics as
described below. Simultaneously, the distal tip of the tail of normal
animals was clipped. Blastemas in the lateral tail of the transgenic
animals and the clipped tail of the normal animals grew 6 days
after the surgery. Blastemas of the transgenic animals were re-
moved from the lateral tails using scissors and forceps. Epidermal
tissues were removed as much as possible. Then, the blastema
mesenchyme was inserted into the tail blastema of the normal
animal.
2.2. Inhibitor treatment
SU5402 (Calbiochem) and dorsomorphin dihydrochloride
(DMD) (Tocris Bioscience, Bristol, UK) were dissolved in DMSO
(Nacalai Tesque, Kyoto, Japan) and DDW, respectively, to prepare a
10 mM stock solution. For the inhibitor treatment in tail re-
generation experiments, we kept the animals in the presence of
SU5402 (10 μM), DMD (20 μM), or DMSO, in water from the day
when the bead was grafted to day 14. Water was refreshed every
2 days. After the treatment, animals were returned to original
housing conditions.
2.3. Bead grafting
Gelatin beads were used as protein sustained-release beads and
were manufactured following the previously described method
(Endo et al., 2015). Air-dried beads were allowed to swell in stock
solutions (1 μg/μl) that were prepared according to the manu-
facturer’s instructions. Equal amounts of proteins were used when
formulating the combination protein mixture (for example, the
Bmp7, Fgf2, and Fgf8 mixture contained 0.33 μg/μl of each pro-
tein). Beads were soaked in the protein mixture for at least 3 h on
ice. The beads can be stored at 4 °C but should be used within a
week, and the stock solution can be stored at 80 °C but it is
recommended to be used within a month of opening. Bmp7
(mouse), Fgf2 (mouse), and Fgf8 (human/mouse) were obtained
from R&D systems (Minneapolis, USA). For control experiments,
the gelatin beads were soaked in phosphate-buffered saline (PBS).
2.4. Accessory tail induction
Accessory tail induction procedures are illustrated in Sup.
Fig. 1A and B. First, the lateral wound is created. To manipulate SC,
muscles and some related tissues were removed with the tail skin.
A skin graft was prepared from the contralateral side of the tail. SC
was rerouted to the wound, and the skin graft was placed near the
rerouted SC. For the bead grafting, tail wounding and skin grafting
were performed without SC rerouting. The bead was implanted
3 days after the wounding.
2.5. Sectioning and histological staining
Tissue samples were ﬁxed with 4% paraformaldehyde for 1 day
at room temperature. Decalciﬁcation by 10% EDTA was performed
for 1 day. Samples were cryoprotected in 30% sucrose/PBS solution
for approximately 12 h and then embedded in O.C.T. (Sakura Fi-
netech, Tokyo, Japan). Frozen sections were cut at a thickness of
14 μm using a Leica CM1850 cryostat. The sections were dried
using an air dryer, then stored at 80 °C until use.
Standard hematoxylin and eosin (HE) staining was used for
histology. To visualize cartilage formation, Alcian blue staining was
performed before HE staining. In brief, sections were washed in
tap water several times to remove the O.C.T. compound. Then,
A. Makanae et al. / Developmental Biology 410 (2016) 45–55 47Alcian blue (Wako, pH 2.0) solution was dropped on the section,
and the slide was incubated for 5 min. The sections were washed
twice with tap water, and then HE staining was performed. The
stained sections were mounted using Softmount (Wako).
2.6. RT-PCR and in situ hybridization
RNA preparation for RT-PCR was performed using the TriPureFig. 1. The induction of accessory tail and tail-like formation. (A13) Explanation of th
was created. (A2) SC was rerouted. (A3) A graft from the contralateral side of the tail was
pattern of the normal (C) and the induced accessory tail (D). (E13) Explanation of the s
The bead was inserted underneath the wound epithelium 3 days after wounding. (E3) T
structure (red arrowheads). (G,H) Skeletal patterns of the induced accessory tail-like fo
extension from the stump skeletal structure. Scale bars ¼3mm. SC¼the spinal cord, Grreagent (Roche, Basel, Switzerland). Reverse transcription was
performed using PrimeScript II (Takara Bio, Shiga, Japan). PCR was
performed using KAPA SYBR FAST qPCR Master Mix (Kapa Bio-
systems, Massachusetts, USA). Primers are described below:
Axolotl Fgf2 FW: AGAGGAGCGACTCCTGCATA
Axolotl Fgf2 RV: TCCAGTTCGTTTCAGTGCCA
Axolotl Fgf8 FW: CGAAGGATGGTACATGGCCT
Axolotl Fgf8 RV: TATCGCGGTACGGAATGTCGe surgical procedures. (A1) A lateral wound, which was deep enough to expose SC,
placed by the rerouted SC. (B) The induced accessory tail (red arrowheads). Skeletal
urgical procedures. (E1) A lateral wound was created and the graft was placed. (E2)
he bead was conﬁrmed by its autoﬂuorescence. (F) The induced accessory tail-like
rmation. (G) Lateral view. (H) Dorsal view. Insert in H showed small cartilaginous
¼graft.
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Axolotl Bmp2 RV: CATGTGCTGGGGGTAAAAAC
Axolotl Bmp7 FW: GGACATGCACTGGAACATTG
Axolotl Bmp7 RV: GAGAACCCCAAAACATGTGG
Axolotl Ef-1α FW: AACATCGTGGTCATCGGCCAT
Axolotl Ef-1α RV: GGAGGTGCCAGTGATCATGTT
RNA probes for in situ hybridization were prepared, and in situ
hybridization was performed as previously described (Satoh et al.,
2007).
2.7. Immunoﬂuorescence
Immunoﬂuorescence was performed as previously described
(Satoh et al., 2007). Anti-type II collagen (II-II6B3, 1:200) and anti-
myosin heavy chain (F47, 1:200) antibodies were obtained from
the Developmental Studies Hybridoma Bank (DSHB). Anti-acety-
lated tubulin (1:500) and anti-GFP antibodies were purchased
from Santa Cruz Biotechnology Inc. and Invitrogen, respectively.
Anti-mouse IgG antibodies conjugated to either Alexa 488 or Alexa
596 (1:500) were purchased from Invitrogen. Nuclei were visua-
lized using Hoechst33342 (Dojindo, Kumamoto, Japan). Images
were captured using an Olympus BX51 system. Antigen retrieval
for type II collagen staining was performed with 5 μg/ml ProK for
30 min at room temperature. Imaging results were conﬁrmed in at
least three independent samples.3. Results
3.1. Ectopic tail induction by nerve deviation and B7FF application
As mentioned above, ALM has been used in the study of axolotl
limb regeneration and quite convenient experimental design for
the study of nerve functions in early regeneration phases. We
improved ALM procedures to apply them for tail regeneration. To
access SC, lateral tail tissues, including muscles and some con-
nective tissues, were removed (Fig. A1 and Sup. Fig. 1A). SC was
incised and rerouted to the wound surface (Fig. A2 and Sup.
Fig. 1A). Similar to ALM, a small graft from the contralateral side of
the tail was placed beside the rerouted SC (Fig. A3 and Sup.
Fig. 1A). The procedure successfully induced a blastema, which
formed an extra tail 30 days after the surgery (Fig. 1B and Table 1).
The extra tail showed a skeletal pattern that was comparable to a
normal tail (Fig. 1C and D). The induced tail was motile (Sup. Move
1). Fin formation was sometimes obvious but was not observed at
other times. Unlike ALM, a graft from the contralateral side of a tail
did not appear to be necessary for the induction of an extra tail
(Table 1). Well organized tails were observed without the graft,
although some blastemas stopped growing (Table 1). As expected,
no extra tail was induced without SC rerouting to the wounded
site, indicating that the presence of SC is essential to induce an
extra-tail (Table 1). Hence, the accessory tail model is useful for
investigating early regulation of tail regeneration as well as ALM inTable 1
Ectopic tail induction by nerve deviation and beads grafting.
Experiment No reaction Bump
formation
Ectopic tail/tail-
like formation
Total
SCþWoundþGraft 0 1 19 20
SCþWound 0 3 6 9
WoundþGraft 10 0 0 10
B7FFþWoundþGraft 0 5 10 15
BMP7þWoundþGraft 0 9 1 10
FGF2&8þWoundþGraft 0 10 0 10
PBSþWoundþGraft 10 0 0 10limb regeneration. The results indicate that the axolotl SC has the
ability to transform wound healing responses to organ regenera-
tion responses, similar to nerves in limb regeneration.
In limb regeneration, Fgf and Bmp genes are expressed in neural
tissues, and cooperative inputs of Bmp- and Fgf-signaling to
wounded skin results in the induction of organ (limb) regenera-
tion (Makanae et al., 2014). Therefore, Fgf and Bmp gene expres-
sion was focused on and investigated in the axolotl SC (Fig. 2). Fgf2,
Fgf8, Bmp2, and Bmp7 were investigated by RT-PCR. Fgf2, Fgf8,
Bmp2, and Bmp7 were detectable in both SC and intact tail tissues
(Fig. 2A). To further investigate this, in situ hybridization analysis
was performed (Fig. 2B–K). Signal of Fgf2, Fgf8, Bmp2, and Bmp7
expression was conﬁrmed in SC and some other tissues, but no
signal in the negative control (Fig. 2F and K). These results suggest
that SC can participate in creating a dense Fgf and Bmp ﬁeld in an
SC-rerouted region and exceeding the potential threshold.
Next, whether the Fgf and Bmp application could induce an
extra tail formation from a wounded tail was explored (Fig. 1E–H).
Recombinant proteins were delivered by a gelatin bead, which
facilitates sustained release of the proteins of interest (Endo et al.,
2015). To graft the protein soaked bead, the wound and graft
healed for 3 days, and the bead was inserted underneath the
newly formed wound epithelium (Fig. 1E and Sup. Fig. 1B). These
procedures resulted in a tail-like formation 30 days after the sur-
gery (Fig. 1F and Table 1). The induced structure appeared to stop
growing and it remained for at least 3 months without any obvious
extension. Histological analysis revealed that the induced struc-
ture lacked skeletal elements in most parts (Fig. 1G and H). A
cartilaginous extension was observed only in the very proximal
region of the induced structure (Fig.1H, insert). This result in-
dicates that the structure induced by B7FF was not a complete tail.
Elimination of Fgf- or Bmp-signaling inputs was tested to in-
vestigate the necessity of simultaneous inputs of Bmp and Fgfs.
Elimination of a Bmp input was ﬁrst tested. Fgf2þFgf8 without
Bmp7 application could induce a bump formation, but the induced
structure could not continue growing and regressed 30 days after
the surgery (Table 1). A similar result was obtained when Dorso-
morphin (DMD; Bmp-signaling inhibitor) was used (Table 2). The
experimental procedure was outlined in Fig. 3A. DMD-containing
water was refreshed every 2 days after the B7FF bead grafting. The
DMD treatment resulted in no growth from the location of the
bead grafting in most cases (Fig. 3C and Table 2). A growing
blastema was only conﬁrmed in 1 case (Table 2 and Fig. 3C, insert).
Next, the effects of Bmp7 application without Fgfs on tail re-
generation were tested. Bmp7 application induced a bump for-
mation but not a tail-like structure 30 days after the surgery (Ta-
ble 1). Elimination of Fgf-signaling was achieved by using SU5402.
SU5402 treatment was performed with the same experimental
design as DMD treatment (Fig. 3A). SU5402 treatment decreased
the induction rate of the growing blastema (Table 2). A growing
blastema was observed in 3 cases (Table 2 and Fig. 3D, insert), and
a blastema, which stopped growing, was observed in 3 cases
(Table 2). No blastema formation was detected in 4 cases
(Table 2 and Fig. 3D). For the control experiment, a PBS-soaked
bead was placed in the wounded tail. As expected, growth was not
observed (Table 1). The B7FF bead-grafted animals were treated
with DMSO instead of inhibitors. DMSO treatment resulted in
successful blastema formation and all tested specimens had
growing blastemas (Table 2 and Fig. 3B). Together, these results
suggest that cooperative inputs of Fgf- and Bmp-signaling are es-
sential for the induction of tail regeneration responses.
3.2. Histological analysis and gene expression pattern in the induced
tail and tail-like structures
Detailed analysis of tail regeneration induced by SC deviation
Fig. 2. Fgf and Bmp gene expression pattern in the axolotl spinal cord. (A) RT-PCR analysis. Numbers on the right indicate the PCR cycle number. (B) The expression pattern
was conﬁrmed by in situ hybridization. All sense probes did not generate any signal. As the representative, F and K show the results from sense probe of Fgf8.Scale bar in
A¼300 μm.
Table 2
Inhibition of ectopic blastema induction by inhibitors.
Experiment No reaction Bump
formation
Ectopic tail/tail-like
formation
Total
þDMD 7 0 1 8
þSU5402 4 3 3 10
þDMSO 0 0 10 10
A. Makanae et al. / Developmental Biology 410 (2016) 45–55 49and B7FF-bead implantation was conducted (Figs. 4 and 5). To
investigate gene expression pattern in the induced blastema, the
induced blastemas were harvested 13 days after surgery. Un-
treated wounded tails did not show any growth (Table 1 and
Fig. 4A), and there was no obvious expression of Prrx1 (Fig. 4D), a
blastema marker gene (Satoh et al., 2007; Suzuki et al., 2005). The
expression of another blastema marker gene,Msx2, was detectableFig. 3. Inhibition of the induction of the accessory tail-like structure by inhibitors. (A) Th
induced by B7FF in DMSO-containing water. (C) DMD treatment inhibited the blastema in
treatment. Blastema inhibition took place. However, SU5402 treatment did not inhibit b
operated upon. Scale bar in B¼1 mm.in these tails (Fig. 4G). This appears to be consistent with the
previous result in which Msx2 was upregulated in axolotl in re-
sponse to wounding (Carlson et al., 1998). After SC rerouting or
B7FF-bead grafting, the wounds grew typical blastemas (Table 1
and Fig. 4B and C). Prrx1 (Fig. 4E and F) and Msx2 (Fig. 4H and I)
were upregulated in the induced structures. Axons were abundant
in the wounded skin (Fig. 4J) and SC-deviated (Fig. 4K) and bead-
grafted wounds (Fig. 4L). These results indicate that SC and B7FF
bead have the blastema inductive ability.
Next, the induced accessory tail and tail-like structures were ex-
amined. The induced structures were allowed to grow for a month.
Histological analysis of the intact tail is shown in Fig. 5A. The SC-
induced tail contained a cartilage/notochord (Fig. 5B), a well-devel-
oped SC (Fig. 5D and D′) and muscles (Fig. 5F and F′). The induced tail
often formed a ﬁn in portion of the induced tail (Sup. Movie 1). The
B7FF-induced tail-like structure consisted of ﬁbroblastic cells frome schedule of the experiment. (B) Control experiment. Extending blastema could be
duction in most cases. Blastema could be observed in one case (insert). (D) SU5402
lastema growth in some cases (Table 2, insert). Arrows in B–D indicate the region
Fig. 4. Section of the induced blastemas. (A–C) Hematoxylin and eosin staining. (D–F) Prrx1 expression was revealed by in situ hybridization. (G–I) Msx2 expression. (J–L) α-
acetylated tubulin expression (neural cells). Scale bar in A¼2 mm. Scale bar in D¼200 μm.
A. Makanae et al. / Developmental Biology 410 (2016) 45–5550the distal to proximal regions (Fig. 5C) and lacked skeletal structures
(Figs. 1H and I and 5C). Acetylated tubulin-positive neural cells could
be observed, but sparsely (Fig. 5E). In addition, myosin heavy chain
(MHC)-positive muscle cells were detectable, but most of those were
in the proximal region (Fig. 5G). The B7FF-induced structure had
several defects as a tail.
Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2015.12.012.
3.3. Cell lineage tracing analysis of tail skin in ectopic tail formation
The validity of the induced blastemal was doubted because of
observed defects in the B7FF-induced tail-like structure. We at-
tempted to support its validity as a regeneration-competent
blastema by cell lineage tracing analysis (Fig. 6). A blastema was
induced by B7FF bead grafting in the GFP-transgenic axolotl. Fur-
ther, the induced blastema was grafted into a regenerating tail of a
normal axolotl (Fig. 6A). The grafted GFP-positive blastema cells
participated in the formation of cartilaginous tissues and were
observed in the distal region (Fig. 6B–I). This indicates that the
grafted blastema was well integrated in the regenerating tail. To
investigate this further, the regenerated tail was sectioned (Fig. 6J–
M). Apparent defects could not be observed in the regenerated tail
(Fig. 6J). It was obvious that the GFP-positive cells were in the
cartilaginous region (notochord) (Fig. 6K). A tubular structure,
which resembled a blood vessel, was also GFP-positive (arrowhead
in Fig. 6K, insert). GFP-positive cells were observable in other
connective regions (Fig. 6K–M). However, no GFP-positive cells
were detected in the muscle or SC region (Fig.6L and M). Giventhat regenerated neural tissues are derived from neural tissues and
muscles are derived from muscles (Hirata et al., 2010, 2013; Kragl
et al., 2009; Muneoka et al., 1986), the blastema induced by B7FF
was derived from connective tissues. These results suggest that
B7FF-induced blastemas potentially have full competence to re-
generate an entire tail.
3.4. Ectopic tail induction in Pleurodeles waltl
To investigate the generality of the effects of SC and B7FF as
inducers of regeneration in tails, another urodele amphibian, P.
waltl, was used. P. waltl is a newt and a regeneration-competent
animal. It can regenerate its limbs and tail just like an axolotl.
When SC was rerouted to the lateral wound with the skin graft,
blastema growth was observed (Fig. 7A). The induced blastema
could retain its growth, resulting in an extra tail (Table 3 and
Fig. 7A and Sup. Fig. 2A). When B7FF was grafted into a lateral
wound, a blastema was similarly induced and grew (Fig. 7B) for
approximately 30 days. However, the induced blastema stopped
growing in the end. The extended structure was retained and
observable at least 6 months after the surgery (Table 3 and Fig. 7B
and Sup. Fig. 2B). To investigate the induced structures further,
anatomical analysis was performed. Histological analysis of the
sections revealed that the SC-induced tail had relatively normal
tissue components (Fig. 7C). To visualize the presence of each
tissue, immunoﬂuorescent analysis was performed (Fig. 7D–G).
Neural tissues, including alpha-acetylated tubulin-positive popu-
lation, were abundantly detected in the SC-induced tail (Fig. 7D).
MHC-positive muscle tissues were also well developed (Fig. 7E).
Fig. 5. Section of the induced structures. (A) Histology of the normal tail. (B) SC-induced tail. (C) B7FF-induced structure. (D, E) α-acetylated-tubulin expression. (D,D′) SC-
induced accessory tail had the well-organized spinal cord. (E) B7FF induced tail-like structure possessed a few neural tissues (α-acetylated tubulin positive). (F, G) Myosin
heavy chain expression. (F, F′) Muscle cells in SC induced accessory tail. (G) B7FF-induced tail-like structure contained little muscle. (C, E, G) Left row shows the sections of
the distal region of the induced structure. Right row shows the sections of the proximal region. Muscle cells could be recognized in the proximal region of the induced
structure (G, right). Scale bar in A¼1 mm. A–G are at the same magniﬁcation.
A. Makanae et al. / Developmental Biology 410 (2016) 45–55 51Dermal collagens were organized (Fig. 7F), and cartilage expressed
type II collagen (Fig. 7G). With regard to the B7FF-induced tail-like
structure, no obvious skeletal elements were observed but some
dermal glands were observed in the section (Fig. 7H and M).Neural cells and dermal collagen were visualized by immuno-
ﬂuorescence (Fig. 7I, K, N and P). Muscle cells were not detected in
the distal region of the induced structure (Fig. 7J) but detected in
the proximal region (Fig. 7O). Cartilages could not be detected in
Fig. 6. Lineage analysis of the B7FF-induced blastema in the regenerating tail. (A) Schematic diagram of the surgical procedures. (B–I) Time course of the regenerating tail.
(B–E) Bright ﬁeld images. (F–I) Dark images. GFP-positive region was expanded along the regeneration. Scale bar in B¼2 mm. (J) Alcian blue, hematoxylin and eosin staining
of the regenerated tail. (K–M) Localization of the grafted cells and cell differentiation was visualized by immunoﬂuorescence. (K) Type II collagen (red) and GFP (green)
expression. (K) MHC (red) and GFP (green) expression. (M) α-acetylated tubulin (red) and GFP (green) expression. Scale bar in J¼500 μm. Scale bar in K¼200 μm.
A. Makanae et al. / Developmental Biology 410 (2016) 45–5552the induced structure (Fig. 7L and Q). These observations resemble
those obtained in the axolotl tail (Fig. 4). SC and B7FF can both
transform wound healing responses to organ regeneration re-
sponses in newts. This suggests that the regeneration regulations
are similar to those for tail regeneration in urodele amphibians.4. Discussion
4.1. The spinal cord and B7FF have the ability to transform wound
healing to tail regeneration
Previous studies clearly demonstrated the importance of SC intail regeneration in urodele amphibians (Fei et al., 2014; Holtzer
et al., 1955). The elimination of SC from a tail results in the loss of
the tail regeneration ability. In the present study, the essential role
of SC in tail regeneration was conﬁrmed using a different experi-
mental design. As mentioned, ALM is a powerful experimental
system for studying neural regulation in limb regeneration.
Therefore, we improved ALM to make it suitable for a tail re-
generation study. These help not only easier investigation of the
early regulation of tail regeneration but also seek the conserved
mechanisms between limb and tail regeneration. SC deviation
could transform wound healing responses into tail regeneration
responses (Fig. 1A–D). This clearly indicates that absolute im-
portance of SC in tail regeneration. This raises an important
Fig. 7. The induction of accessory tail and tail-like formation in Pleurodeles waltl. (A) SC-induced accessory tail. (B) B7FF induced accessory tail-like formation. (C–Q) Sections
of the induced structure. (C, H, M) Alcian blue, hematoxylin and eosin staining. (D, I, N) α-acetylated tubulin expression. (E, J, O) MHC expression. (F, K, P) Type I collagen
expression. (G, L, Q) Type II collagen expression. Inserts in F, G, K and P are higher magniﬁcation of the pointed region. Scale bars¼1 mm.
A. Makanae et al. / Developmental Biology 410 (2016) 45–55 53question: what factors are responsible for such neural tissue-de-
pendent regeneration? Fgf and Bmp genes were expressed in the
axolotl SC (Fig. 2), and the B7FF application to the wounded lateraltail could induce regeneration responses (Fig. 1F–H). With respect
to Fgf2, it was already reported that the application of Fgf2 into a
regenerating tail blastema promoted cell proliferation and that
Table 3
Induction of ectopic tail or tail-like structure in Pleurodeles waltl.
Experiment No reaction Bump
formation
Ectopic tail/tail-
like formation
Total
SCþWoundþGraft 0 1 9 10
B7FFþWoundþGraft 0 2 6 8
PBSþWoundþGraft 6 0 0 6
A. Makanae et al. / Developmental Biology 410 (2016) 45–5554Fgf2 protein could be detected in the newt SC (Ferretti et al., 2001;
Zhang et al., 2000). Hence, it is not surprising that Fgfs and Bmp
(s) are the neural factors that participate in tail regeneration.
However, it is yet early to determine that Fgfs and Bmp(s) are the
neural factors responsible for tail regeneration. To determine this,
it would be necessary to prevent the expression of these genes
from SC in the tail and a major technical breakthrough is required
to perform such an experiment.
4.2. What molecular signaling pathways are important for tail
regeneration?
The present study demonstrated that the B7FF application to a
wounded tail resulted in tail-like formation (Fig. 1F–H) and that
the B7FF-induced blastema showed competence to participate in
normal tail regeneration (Fig. 6). Cooperative inputs of Fgf- and
Bmp-signaling appear to be essential for the induction (Fig. 3 and
Table 1 and 2). Single inputs of either Fgf- or Bmp-signaling re-
sulted in a cell accumulation termed a bump (Table 1). Similar
results were obtained in the experiment with the inhibitor treat-
ment (Fig. 3 and Table 2). It is noteworthy that the SU5402
treatment, which is Fgf-signaling inhibition, showed a much
weaker inhibitory effect on regeneration induction (Table 2). Fgf
signaling may not be essential for the induction of blastema. This
is also consistent with the previous report in which SU5402
treatment showed only marginal effects in axolotl tail regenera-
tion (Schnapp et al., 2005). On the other hand, the inhibition of
Bmp-signaling showed relatively obvious effects (Table 2). It was
reported that Bmp-signaling played a primary role in blastema
induction in Xenopus tadpole tail regeneration (Beck et al., 2006).
Given the complete inhibition of the blastema induction by DMD
in the present study (Table 2), Bmp-signaling may be the major
regulator in blastema induction. However, subsequent extension of
the tail could not be supported by a single Bmp7 application
(Table 2). This implies that the later phases require slightly dif-
ferent regulation. A growing blastema could be obtained when
Fgfs and Bmp7 were simultaneously applied. At this moment,
detailed mechanisms of such an event are largely unknown.
Therefore, further analysis is necessary to determine the major
force of the induction of a growing blastema.
The B7FF application could induce an incomplete tail structure
(Fig. 4). This clearly indicates that some essential factors are
missing. Previous studies provide hints regarding the missing
factors. It was reported that Hedgehog (Hh) signaling plays im-
portant roles in axolotl tail regeneration (Schnapp et al., 2005). Hh
inhibition resulted in the loss of muscles and cartilages and a
shorter regenerated tail (Schnapp et al., 2005). Furthermore, it was
reported that ectopic Hh signaling activation could not rescue SC
elimination (Schnapp et al., 2005). In the present study, blastema
induction was successfully achieved by B7FF, and the induced
structure lacked muscles and cartilage (Figs.1 and 4). In terms of
this, Hh signaling may improve defects in the B7FF induced
structure. Another candidate is Wnt5a. An ectopic tail was induced
when Wnt5a-expressing cells were grafted in a wounded Xenopus
tadpole tail (Sugiura et al., 2009). Further studies are required to
clarify regulations responsible for complete organogenesis.4.3. The possibility of conserved organ regeneration mechanisms
B7FF application has the blastema inductive ability in both
limbs and tails (Fig. 1G) (Makanae et al., 2013, 2014). Urodele
amphibians have the remarkable ability for organ/tissue re-
generation throughout the body. It appears that regeneration-
competent animals can often regenerate many body parts. On the
other hand, regeneration-incompetent animals appear not to be
able to regenerate most of their body parts. This tendency is re-
presented in Xenopus laevis. During tadpole stages, relatively
higher regeneration ability can be observed in various tissues,
including the brain, lens, limb bud and tail. However, froglets have
defects in most of that ability (Slack et al., 2008). Hence, existence
of a fundamental regenerative regulation over the organ/tissue can
be expected. Fgf- and Bmp-signaling play a role in regeneration
inductive signaling in at least two kinds of organs in two kinds of
animals, an axolotl and a newt (Fig. 1) (Makanae et al., 2014). It is
yet unknown whether the same inputs trigger regeneration re-
sponses in other organs/tissues in other species. However, some
clues can be obtained from research performed in other species.
For example, Fgf-signaling is involved in heart regeneration in
zebraﬁsh (Lepilina et al., 2006). Similarly, with regard to lens re-
generation, Fgf-signaling plays an important role in the induction
of transdifferentiation from the iris to the lens (Hayashi et al.,
2004). Further investigations regarding organ/tissue regeneration
would lead to clarify the fundamental regeneration mechanism in
regenerative animals.
Nerve presence would be the key for investigating the con-
served regeneration mechanism. Brain, lens, tail and limb re-
generation in urodele amphibians are, at least, associated with
neural tissues. It is very likely that neural tissues in those re-
generations express Fgf and/or Bmp genes. Nevertheless, concrete
link between Fgf and Bmp genes expression and neural functions
as a regeneration inducer has yet been missing. Full description of
the relationship between Fgf- and Bmp-signaling and nerve roles
in organ regenerations would lead to clarify the conserved re-
generation mechanisms.Acknowledgments
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